Lung cancer is the leading cause of cancer-related mortality in the United States. Epigenetic alterations, including DNA methylation, histone modifications, and non-coding RNA expression, have widely been reported in the literature to play a major role in the genesis of lung cancer. The goal of this review is to summarize the common epigenetic changes associated with lung cancer to give some clarity to its etiology, and provide an overview of the potential translational applications of these changes, including applications for early detection, diagnosis, prognostication, and therapeutics.
INTRODUCTION
Despite large-scale reductions in cigarette consumption over the past several decades, lung cancer remains the leading cause of cancer-related mortality in the United States and is the second leading cause of death overall, after heart disease [1] . While lung cancer rates have steadily declined among men since the 1980s and seem to have plateaued among women, there still remain an estimated 228, 190 new cases and 159,480 deaths each year [1] . This high mortality rate is driven by the high incidence of this disease coupled with its dismal 5year survival rate of only 17% [1] .
The vast majority of lung cancer is can be characterized as small cell (neuroendocrine) carcinoma (SCLC) or non-small cell carcinoma (NSCLC), which broadly includes squamous cell carcinoma, adenocarcinoma, and large cell carcinoma subtypes [2] . NSCLC is by far the more common of the types, accounting for approximately 85% of all lung cancer cases [3] . While these histologies share a common organ of origin and some molecular attributes, they also exhibit unique molecular traits and represent distinct diseases, and it has become clear that it is important to make the distinction between the histologies for the purpose of treating the disease.
While smoking remains the major risk factor for all histologies (especially small cell and squamous cell carcinoma), it is important to note that only some 10% of smokers will ultimately develop lung cancer [4] . Moreover, not all lung cancer patients have a smoking history, as there are other risk factors for the disease. Adenocarcinoma, which accounts for approximately 37% of all lung cancers in the United States, is the most common form among non-smokers [5] . Globally, an estimated 15% of men and 53% of women with lung cancer are never-smokers [6] . Other risk factors for the disease include radon, asbestos, and environmental/occupational exposure to polycyclic aromatic hydrocarbons and other pollutants [2] . However, as with smoking, not everyone who is exposed to these environmental factors will go on to develop lung cancer.
The carcinogenic process is driven by the accumulation of genetic and epigenetic alterations that result in dysregulation of key oncogenes, tumor suppressor genes, and DNA repair/ housekeeping genes. The probability of incurring these pathologically important events is largely dependent upon the individual exposome in conjunction with interpersonal phenotypic variability. While genetic heterogeneity accounts for some of the variable risk, it does not explain this phenomenon in toto [7] . Epigenetic variability, including DNA methylation, histone modifications, and non-coding RNA expression, also contribute the phenotypic makeup of an individual (e.g. xenobiotic metabolism, DNA repair capacity, immunity, etc.) and, accordingly, risk of malignancy.
This underscores the importance of enhancing our knowledge of lung cancer epigenetics (in addition to genetics) to fully comprehend the pathogenesis of this disease. Moreover, continued expansion our understanding of various epigenetic events involved with different types of lung cancer expands the potential battery of diagnostic and prognostic biomarkers available to clinicians, as well as introducing new avenues for the discovery of novel therapeutic targets. The primary objective of this review is to summarize the common epigenetic events in lung cancer and provide an overview of the potential translational applications of these events for the management of this disease.
EPIGENETICS & ETIOLOGY Tumorigenesis
Lung cancer involves an accumulation of genetic and epigenetic events in the respiratory epithelium [8] . While somatic genetic aberrations, such as mutations and copy number alterations, play a well-known role in oncogenesis, epigenetic alterations are in fact more frequent than somatic mutations in lung cancer [9] .
Tumor suppressor gene inactivation through promoter methylation, often referred to as hypermethylation, is a hallmark of lung cancer and is an early event in the carcinogenic process [10, 11] . Promoter methylation of specific tumor suppressor genes, along with the overall number of hypermethylated genes, increases with neoplastic progression from hyperplasia to adenocarcinoma [12, 13] . Promoter methylation can couple with mutation or deletion events to inactivate a tumor suppressor gene (i.e. a different inactivation event for each allele). This is because inactivation of one allele for dominantly acting suppressor gene loci is generally insufficient to lead to clonal selection, since the protein can still be produced from one normal allele. However, there is also evidence that, at some gene loci, both copies do not necessarily need to be inactivated to adversely impact the cell, but rather that partial inactivation of one allele, giving rise to haploinsufficiency, (i.e. one wild-type allele is insufficient to provide full functionality) can contribute to carcinogenesis [14] . In these cases, inactivation of one allele by promoter methylation would be sufficient for clonal selection.
Many of the tumor suppressor genes that are hypermethylated in lung cancer are also frequently hypermethylated in other types of solid tumors [6] . Some are specific, although many are not, similar to what is observed for somatic mutations. In premalignant and malignant states, promoter methylation is frequently observed in genes involved with crucial functions, including cell cycle control, proliferation, apoptosis, cellular adhesion, motility, and DNA repair.
Some of the most oft-studied genes in the context of promoter methylation in lung cancer include p16INK4a, RASSF1A, APC, RARβ, CDH1, CDH13, DAPK, FHIT, and MGMT. While p16INK4a is frequently methylated, mutated, or deleted in NSCLC, with estimates for the prevalence of alteration of this gene are around 60%, p14arf, which is also encoded on the CDKN2A gene, is much less commonly inactivated (~8-30% of NSCLC) [15, 16] . Moreover, although a common event in NSCLC, p16INK4a is disrupted in less than 10% of SCLC [15] . Additionally, RASSF1A is deleted or methylated in 30-40% of NSCLC and 70-100% of SCLC [15], FHIT is deleted or methylated in 40-70% of NSCLC and 50-80% of SCLC [15] , and TSLC1 is methylated in an estimated 85% of NSCLC [15] . A more extensive list of known, commonly hypermethylated genes in lung cancer is provided in Table 1 .
Hypermethylation of CDKN2A may occur early in the genesis of some lung cancers, having been identified in premalignant lesions [69] . Promoter methylation of RASSF1A, APC, ESR1, ABCB1, MT1G, and HOXC9 have been associated with Stage I NSCLC [70] , suggesting that they too may occur relatively early on in the development of the cancer. CpG island methylation of homeobox-associated genes is also common Stage I lung cancer, appearing in nearly all early-stage tumors [71] . Conversely, other commonly hypermethylated genes, such as hDAB2IP, H-Cadherin, DAL-1, and FBN2, have been associated with advanced stage NSCLC [64, 72, 73] , suggesting that these changes may occur at a later point in the carcinogenic process. It is important to note, however, that later involvement does not preclude the importance of the modification in the development of the disease, as they may play key roles in the ability of the cancer to continue to flourish in its advanced state, evade host immunity or exogenous cancer treatments, or to metastasize locally and/or systemically. Further, it is critical that these generalized "temporal" observations are kept in perspective, as lung cancer is a very heterogeneous disease and each tumor is unique; an early event in one tumor may not occur until later on in another. Moreover, it must be considered that most of these observations are based on cross-sectional measurement of malignant or premalignant tissue, and that linear consideration of the sequential timing of molecular aberrations likely represents a gross oversimplification of cancer development and progression.
There is some evidence for CpG island methylator phenotype (CIMP), a tumor phenotype characterized by widespread hypermethylation, in lung cancer [74] [75] [76] [77] . This is not wholly surprising, given that DNA methyltransferases (DNMT), the group of enzymes that catalyze the covalent attachment of the methyl group to the cytosine base, are upregulated in NSCLC [68, 78, 79] .
In contrast to gene-specific hypermethylation, which can occur early on in cancer development, genomic hypomethylation, a genome-wide loss of methylation, may be a late event in the genesis of lung cancer, at least for adenocarcinoma [5] . However, there is not presently a clear consensus on the timing, as Anisowicz found that hypomethylation was associated with NSCLC progression from normal to lung cancer [80] . Regardless, widespread hypomethylation has been associated with genomic instability in NSCLC [81] and can result in oncogene activation [82, 83] and loss of imprinting [84] . In lung cancer, hypomethylation tends to occur at nuclear elements, LTR elements, segmental duplicates, and subtelomeric regions (loss of methylation is much less common at non-repetitive sequences) [85] . In addition to the genomic loss of methyl content, gene-specific hypomethylation has been reported for several loci, including MAGEA [86, 87] , TKTL1 [86, 88] , BORIS [89, 90] , DDR1 [31] 14-3-3σ [91, 92] , and TMSB10 [83, 93] . MAGE overexpression with an associated loss of methylation has been observed in 75-80% of NSCLC [94] .
CpG methylation can also induce point mutations through deamination of 5-methylcytosine (5-meC) or enhancement of exongenous carcinogens. Methylated cytosine can undergo hydrolytic deamination causing a C to T transition [95] . More than 30% of disease-related germline point mutations occur at CpG dinucleotides [95] . Furthermore, nearly half of all somatic and one-third of all germline p53 mutations take place at methylated CpGs, and many common p53 mutations that manifest in somatic cells are caused by C to T transitions, including "hot spot" mutations at codons 248, 273, and 282 [96] . The risk of p53 mutation at 5-meC is 10-fold that of unmethylated cytosine, and CpG dinucleotides in these regions have been observed to be methylated in normal tissue [96] . Secondly, DNA methylation can enhance the mutagenic effect of exogenous carcinogens [95] . An example of this is the affinity of benzo(α)pyrene diol epoxide (BPDE) for adduct formation on guanine bases adjacent to 5-meC, resulting in G to T transversions in aerodigestive tract cancers in smokers [97] [98] [99] . Similarly, acrolein has an affinity for binding 5-meC, which can induce C to T transitions [100] .
Histone deacetylases (HDAC) are overexpressed in lung cancer [101] [102] [103] . HDACs catalyze the removal of acetyl groups on the histone tail resulting in a transcriptionally inactive heterochromatic state [104] . Likewise, SIN3A (part of an HDAC repressor complex) is downregulated in NSCLC [105] . Cross talk occurs, mediated by proteins with methylbinding domains that can recruit histone modifying enzymes (MBDs, KAISO, MeCP2), such as HDAC, that closely couples DNA methylation and histone modifications [9] . Relative to normal lung, lung cancer undergoes H4K5/H4K8 hyperacetylation, H4K12/ H4K16 hypoacetylation, and H4K20me3 [106] . Lower global levels of H4K20me3 can be detected in precursor lesions and is particularly common in squamous cancers [106] .
Other post-translational modifiers that have been reported as overexpressed in lung cancer relative to normal lung tissue include polycomb group genes (PcG), which are crucial epigenetic regulators of stem cell (and cancer stem cell) survival and pluripotency. Specifically, upregulation has been observed for PcGs that form the Polycomb repressive complexes (PRC1 and PRC2) [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] , particularly for the respective catalytic subunits, B-cell-specific Moloney Murine Leukemia Virus Integration Site 1 (BMI-1), which is involved in gene silencing through ubiquitylation of histone 2A (H2A) [ Non-coding RNA are a class of RNA sequences that are transcribed but do not encode proteins. MicroRNA are small non-coding RNA molecules (~18-22 nt) that can negatively regulate the expression of hundreds of mRNA targets and are frequently dysregulated in lung cancer. Two recent meta-analyses have reported on microRNAs for which expression is commonly reported to be dysregulated in lung cancer [124, 125] , which are in summarized in Table 2 . In particular, miR-196a and miR-200b are highly overexpressed in lung cancer, with estimated fold-changes exceeding 23-and 37-times, respectively [124] . Much less is presently known about the precise functions of long non-coding RNA (lncRNA), although there is evidence that they function as protein regulators and structural organizers, in addition to regulation of gene expression [126] . Two lncRNA in particular that have been implicated in lung cancer are metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) and Hox transcript antisense intergenic RNA (HOTAIR). MALAT1 is a highly conserved lncRNA sequence of ~8000 nt in length [127] that is overexpressed in NSCLC (including adenocarcinoma, squamous cell carcinoma, and large cell carcinoma) [128, 129] and is thought to play a role in cell motility, invasion, and metastasis, at least in part through posttranslational inhibition of expression of genes regulating these functions [130] [131] [132] . HOTAIR is also a highly conserved lncRNA (at least in mammals) that is also reported to be overexpressed in lung cancer [133] [134] [135] and interacts with PRC2 and histone regulatory complexes, and regulates HOXD expression [126].
There have also been several well-documented examples of interaction between DNA methylation and microRNAs in lung cancer. For example, miR-124a [136] , miR-34b/c [137, 138] , miR-886-3p (in SCLC) [139] , miR-9-3 [140] and miR-193a [140] have all been reported as frequently hypermethylated in lung tumors, while let-7a-3 [141] is often hypomethylated. Moreover, miR-29 targets the transcripts of de novo DNMT (DNMT3a/b). Additionally, expression of miR-29 is inversely associated with DNMT3a/b expression in lung tumors, and has been shown to restore normal DNA methylation patterns in experimental models (in vitro and in vivo) [142] .
Some epigenetic alterations reported for lung cancer may be smoking-specific (i.e. only found in lung tumors of smokers). Genes reported to undergo smoking-specific promoter methylation include APC, FHIT, RASSF1A, and CCND2 [21, 35, 40, 143, 144] . Also, the frequency of promoter methylation of p16INK4a, MGMT, RASSF1A, MTHFR, and FHIT is higher in the NSCLC tumors of smokers relative to non-smokers [21, 22, 145-147]. Moreover, RARβ, p16INK4a, FHIT, and RASSF1A promoter methylation increases with increasing smoking intensity [21, 148-150]. Interestingly, genes whose silencing is associated with duration or amount of tobacco smoking are likely later stage contributors to this disease, as long-term exposure to carcinogenic stimuli would imply a later selection of existing clones. Experimentally, genomic hypomethylation and promoter methylation of RASSF1A and RARβ were observed when normal small airway epithelial cells and immortalized bronchial epithelial were exposed to cigarette smoke condensate [151] . There is also experimental evidence indicating that cigarette condensate decreases nuclear levels of H4K16ac and H4K2me3 in respiratory epithelial cells [152] . Conversely, RASSF2, TNFRSF10, BHLHB5 and BOLL have been reported to be more frequently hypermethylated in NSCLC from never-smokers [153, 154] . DNMT1 expression is particularly high in lung cancer tumors of smokers [155] . The tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), has been associated with increased levels of DNMT1. Experimental evidence indicates that NNK does not affect the actual DNMT1 mRNA level but rather inhibits DNMT1 degradation via Akt signaling, which stabilizes the DNMT1 protein by decreasing ubiquitylation, resulting in elevated accumulation and, accordingly, aberrant tumor suppressor gene methylation [151, 155, 156] . More specifically, NNK stimulates Akt, which inactivates GSK3β ser/thr kinase, which would otherwise phosphorylate DNMT1 and recruit ubiquitylases. This is similarly observed for laryngeal [157] and esophageal squamous cancers [158] . Corroborating this point, NNK has been shown to induce promoter hypermethylation of tumor suppressor genes in lung tumors in mice and rats [159] [160] [161] .
Moreover, chronic inflammation, which occurs in response to cigarette smoking, also plays an important role in lung cancer development, stimulating cellular turnover and proliferation. Inflammation has long been associated with DNA methylation in lung cancer [162] [163] [164] . There is evidence that reactive oxygen species (ROS), such as are generated during chronic inflammation, target transcriptional repressors, giving rise to increased levels of DNA methylation [165] . Cigarette smoke also inhibits the metabolism and storage of folate [166] . Nitrates, nitrous oxide, cyanates and isocyanates found in tobacco smoke have been shown to transform folate, a major source of methyl groups for one-carbon metabolism, into a biologically inactive compound in experimental models [167, 168] . In further support of this, reduced serum folate levels have been observed in smokers relative to non-smokers [169, 170] . One-carbon metabolism is a critical pathway in the DNA methylation process, and depletion of folate can negatively impact the availability of sadenosylmethionine (SAM), the primary methyl donor in the cytosine methylation reaction. Consequently, folate deficiency can result in chromosomal damage through impaired nucleotide synthesis and aberrant DNA methylation [171, 172] .
To this point, any discussion in this review relating epigenetics to cancer risk factors has primarily focused on tobacco-smoke associated events. However, as discussed earlier, not all lung cancer patients, particularly adenocarcinoma patients, have a history of smoking. Exposure to radon gas is another major risk factor for lung cancer. Experimentally, radonexposed transformed bronchial epithelial cells exhibit altered microRNA expression profiles [173] . Further, a study of Chinese uranium miners found a dose-response between radon exposure and promoter methylation of p16INK4a and MGMT in sputum samples [174] , although this was not observed in a similar study of uranium miners by Pulling et al [175] .
Tissue specificity
Historically, adenocarcinoma and squamous cell carcinoma have been considered together, along with large cell carcinoma, in a heterogeneous class of lung cancers referred to as "non-small cell carcinoma'. However, this broad categorization may no longer be appropriate given our understanding of the biological and clinical differences between the histologic subtypes. Making the distinction between squamous cell carcinoma and adenocarcinoma based on morphology alone can be a challenge, necessitating additional markers for accurate discrimination.
The importance of discriminating NSCLC by histology was highlighted by data from a clinical trial of the VEGF antibody bevacizumab, in which elevated toxicity (severe pulmonary hemorrhage) was observed among patients with pulmonary squamous cell carcinoma but not adenocarcinoma [176] . Bevacizumab, in combination with platinumbased chemotherapy, has shown to be efficacious in non-squamous NSCLC in two Phase III trials (E4599 and AVAiL) [177, 178] . Further, Pemetrexed, an antimetabolite, is more efficacious in terms of overall and progression-free survival among patients with nonsquamous NSCLC relative to other histologies [179] .
Distinct DNA methylation patterns have been identified for adenocarcinoma and squamous cell carcinoma, respectively [180] [181] [182] [183] . Kwon and colleagues identified a methylation panel that could distinguish histologic class of NSCLC [180] . In another regard, Christensen and colleagues were able to accurately discriminate lung adenocarcinoma from mesothelioma, which can also be challenging but is very important to differentiate diagnostically, based on the DNA methylation profile [184] . There are no significant large-scale differences in overall DNA methylation levels by lung cancer histology [32] , although there are locusspecific differences. Additionally, there are also reports of histology-specific microRNA expression patterns. For example, miR-205 is reported to be SCC-specific [185, 186] , while miR-124a has been reported as specific for adenocarcinoma [136] .
Early detection and diagnosis
Lung cancer mortality could be significantly reduced with earlier detection of the disease. However, only about 15% of lung tumors are localized at diagnosis, with the majority presenting at an advanced stage [2] . Five-year survival for lung cancer is markedly better for early-stage patients, with a less than 10% 5-year survival for advanced stage patients versus better than 70% for early-patients [187] . Spiral computed tomography (CT) has shown promise for the early detection of lung cancer but has a high false-positive rate [188] , with up to up to 30% of indeterminate nodules identified by CT ultimately found to be benign [189] , indicating a need for development of additional markers to enhance the specificity.
As previously discussed, promoter hypermethylation can be an early event in lung carcinogenesis, and as such, may have utility in early detection of the disease. For instance, promoter hypermethylation of p16INK4a has been observed in NSCLC precursor lesions [13, 18] , and PTPRN2 promoter methylation is reported to be an early event in pulmonary adenocarcinoma, with detectable changes in the premalignant atypical adenomatous hyperplasia [5] .
Importantly, some of these early epigenetic events can be detected by non-or minimallyinvasive sample collection techniques, an important characteristic for cancer screening applications. For example, aberrant DNA methylation can be detected in sputum [190, 191] , bronchoalveolar aspirate/lavage [39, 145, [192] [193] [194] , and saliva [195, 196] in lung cancer patients. Furthermore, CDKN2A and MGMT promoter methylation was detected in sputum up to 3-years prior to lung cancer diagnosis [20] , and promoter methylation of p16INK4a, MGMT, PAX5b, DAPK, GATA5, and RASSF1A was detected in sputum 18 months prior to lung cancer diagnosis in another study [197] . However, specificity can be an issue for some of these early markers, as they can also be detected in individuals who will not ever go on to develop disease. To this point, promoter methylation of p16INK4a has been detected in sputum from former and current smokers [10] , which underscores the importance of multimarker panels. However, not all single markers are non-specific, as exemplified by SHOX2 promoter methylation, which has demonstrated good sensitivity (68-78%) and specificity (95-96%) for NSCLC in bronchial aspirates (AUC = 86-94%) [51, 193] .
Additionally, cancer-specific DNA methylation [38, 198] , microRNA [199, 200] , and lncRNA [201] profiles have been identified in the blood of lung cancer patients. Metaanalysis on the diagnostic value of circulating microRNAs for lung cancer reports a meta-ROC of 0.92 [202] , highlighting the potential diagnostic capacity.
PROGNOSTIC BIOMARKERS
Identification of novel biomarkers to aid in prediction of outcome and tumor response is of paramount importance to optimize therapeutic efficacy and prevent over-or under-treatment of lung cancer patients. Epigenetic biomarkers, in particular DNA methylation and microRNA expression, have unique properties that make them well-suited as potential prognostic markers, and accordingly have been widely studied and reported in the literature.
Not surprisingly, many of the hypermethylated tumor suppressor genes that are implicated in lung cancer oncogenesis have also been reported to be associated with prognosis. Promoter methylation of RASSF1A [16, 36, 203] , PTEN, DAPK [29] , p16INK4a [21, 24, [203] [204] [205] [206] , Wif-1, CXCL12 [207] , DLEC1 [208] , MLH1 [208] , CDH1 [58, 204] , CDH13 [58] , APC [41, 209] , RUNX3 [36] , SPARC, and DAL1 have all been associated with NSCLC outcome [22, 36, 64, 207, 208, [210] [211] [212] . Additionally, DNMT1 overexpression in NSCLC is associated with decreased survival [78, 79, 213] ; and DNMT3b only in patients <65 years old [213] . Along similar lines, CIMP has also been correlated with prognosis in NSCLC [74] .
Relative to advanced stage lung cancers, chemotherapeutic recommendations are not as clear for early stage disease, with no true consensus as to the optimal approach [214] . Early stage lung cancer can be locally controlled but exhibits a high recurrence rate. Completely resected Stage IB and II tumors have a nearly 50% recurrence rate with a median time to recurrence of 1-year [215] . Fewer recur in Stage IA tumors, although certain IA subsets have high recurrence rates [216] . Methylation of p16INK4a, RASSF1A, CDH13, and APC has associated with early recurrence in surgically treated Stage I NSCLCs [210] . The combination of FHIT and p16INK4a promoter methylation has also been associated with recurrence in Stage I NSCLC [205] .
Several global histone modifications have been associated with lung cancer survival; in particular decreased levels of H3K4diMe have been associated with poorer outcome [217, 218] . Additionally, the combination of several histone modifications have been reported to predict survival (H3K4me2, H3K9ac, H2AK5ac) [217] , and H4K20me3 down-regulation has been associated with poorer survival in Stage I lung adenocarcinoma patients [106] .
Higher expression of the PRC2 protein, EZH2, in NSCLC tumor tissue has been associated with worse overall [112, 118, 219] and disease-free survival [112] in several studies [117] . Likewise, BMI-1 expression has also been correlated with poorer patient outcomes [107, 121, 220] , and amplification and concordant overexpression of the PcG, PHC3, has recently been associated with poorer outcomes in NSCLC [221] .
Noncoding RNA have also been associated with lung cancer outcomes. A number of miRNA profiles of varying size and combination have been reported in tumor tissue [222] . In particular, mir-21and mir-155 have been the most oft studied as prognostic markers. In a recent meta-analysis, high miR-21 expression was associated with poorer overall survival in NSCLC (metaHR = 2.32, 95% CI: 1.17-4.62; 6 studies) and recurrence-free survival in adenocarcinoma (metaHR = 2.43, 95% CI: 1.67-3.54; 3 studies) [222] . Likewise, in the same meta-analysis, miR-155 was reported to be associated with poorer recurrence-free survival in NSCLC (metaHR = 1.42, 95% CI: 1.10-1.83; 5 studies). Additionally, expression of the lncRNA MALAT1 has been associated with metastasis and poorer survival in NSCLC patients [128, 129] , and HOTAIR expression has been associated with aggressive behavior, poorer outcomes in NSCLC [133] [134] [135] 223] .
MicroRNA are often released from tissue during apoptosis or in exosomes or microvesicles and can be detected in the blood stream [224] . Circulating microRNA have been associated with prognosis. Several studies have reported an association between microRNA expression in blood or plasma and lung cancer outcome [225] [226] [227] [228] [229] [230] [231] [232] . In particular, high-levels of circulating miR-21 have been consistently reported to be associated with outcome [225, 229, 231, 232] .
Methylation of circulating DNA may also be of use in outcome prediction, although it is important to distinguish free-circulating DNA from leukocytic DNA, since DNA methylation marks are tightly coupled to cellular differentiation and vary by cell type [233] . Thus, without careful study design, blood-based methylation profiles can be confounded by variation in relative circulating proportions of leukocyte types associated with outcome, such as immune response [7]. Ramirez and colleagues found that 14-3-3 sigma methylation in pretreatment serum may be an important predictor of NSCLC outcome in patients treated with platinum-based chemotherapy [234] . Similarly, Ponomaryova and colleagues found that increased methylation of RARβ 2 in circulating DNA was associated with lung cancer progression [235] .
Recent evidence suggests that epigenetic mechanisms may be, at least in some instances, major players in treatment resistance. A number of studies have reported an association between altered expression of a variety of miRNA and sensitivity to gefitinib [236] [237] [238] [239] [240] [241] , erlotinib [242, 243] , cisplatin [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] , and radiotherapy [253, [260] [261] [262] [263] [264] [265] . Elevated expression of HOTAIR [223] and EZH2 [117] have also each been associated with cisplatinresistance.
In a very elegant study, Sharma et al. demonstrated the capacity of a small subset of stemlike cells in two NSCLC cell-lines to undergo chromatin remodeling after treatment with erlotinib and cisplatin treatment to acquire treatment-resistance [266] . The authors found that the treatment-resistant tumor cells overexpressed the histone demethylase, KDM5A, and exhibited reduced H3K4 di-and trimethylation, and that these resistant cells were sensitive to HDAC inhibitors. These findings are extremely important, as they (1) demonstrate a major role for epigenetic plasticity in acquired drug-resistance, and (2) suggest the potential for histone post-translational modifications as therapeutic targets in drug-resistant NSCLC cells.
Intratumoral heterogeneity and clonal selection of treatment-resistant subpopulations of tumor cells has long been considered as another possible mechanism that can drive acquired treatment resistance in tumors. This notion of intratumoral genetic heterogeneity has recently been confirmed in renal cell carcinoma [267] , and very likely is the case in other solid tumor types as well. Moreover, although not assessed in the study, cancer cells are presumably also epigenetically heterogenous within the tumor, as epigenetic alterations are common activating/inactivating events in carcinogenesis, and thus would be susceptible to stochastic selection as well. However, at this point, more research on this topic is needed to determine the extent and generalizability of these findings.
PHARMACOLOGIC TARGETS
Since DNA methylation and transcriptionally inactive heterochromatin conformation are frequent causes of tumor suppressor gene inactivation, therapeutic strategies that globally target epigenetic inactivation of genes have been pioneered for cancer treatment.
Experimentally, HDAC [268] [269] [270] [271] [272] [273] and DNMT [273, 274] inhibitors can restore tumor suppressor gene expression and, consequently, critical pathway function for small-cell and NSCLC patients. Other inhibitors of post-translational modifying proteins have also demonstrated promising antitumor properties in studies of lung cancer in vitro, including the Bromodomain and extra terminal domain (BET) protein inhibitor, JQ1 [275] , and EZH2 inhibitors, 3-Deazaneplanocin A (DZNeP) [116, 276] and GSK126 [116] .
Clinically, two classes of epigenetic regimens have been clinically tested for NSCLC [277] : (1) DNMT inhibitors and (2) HDAC inhibitors. The HDAC inhibitors vorinostat and romidepsin are each currently approved by the FDA for treatment of cutaneous T-cell lymphoma [278] . However, none are currently approved for treatment of lung cancer, although a recently completed clinical trial demonstrated promising results from combining 5-azacytidine, a DNA demethylating agent, with entinostat, an HDAC inhibitor, for the treatment of advanced chemorefractory NSCLC [279] . Additionally, other epigenetic treatment strategies are currently in clinical trials. The majority of these strategies combine HDAC inhibitors, with or without the DNMT inhibitor 5-azacytidine, with cytotoxic drugs, although one phase II trial is presently underway to test the efficacy of fluoro-2deoxycytidine (FdCyd), a DNMT inhibitor, in conjunction with tetrahydrouridine, a cytidine deaminase inhibitor that prevents FdCyd from being metabolized, in the treatment of NSCLC. A complete list of ongoing trials (as of December 31, 2013) is presented in Table 3 [140].
CONCLUSIONS
Epigenetics play a powerful role in the etiology of lung cancer and have potential utility as diagnostic and prognostic biomarkers. This may be particularly true for DNA methylation marks, due to their relative stability and amenability to PCR-based measurement, and microRNAs, which tend to be much more stable than mRNA and can each regulate up to hundreds of different gene transcripts. Expanding our understanding of how epigenetic events contribute to the genesis of lung cancer, and how these can be translated into clinically-relevant biomarkers and therapeutic targets, will enhance our ability to properly manage lung cancer and ultimately reduce the heavy global burden of this devastating disease. Select genes frequently reported to undergo promoter methylation in lung cancer. [32, 33] b Estimate based on [32] c Estimate includes NSCLC and SCLC [51, 52] Transl Res. Author manuscript; available in PMC 2016 January 01. Although not considered in either meta-analysis, this is an important and historic tumor suppressor microRNA that has been oft-studied in the context of lung cancer and thus the authors have decided to include it in this table
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